New measurement conditions for arsenic speciation analysis of rice flour were developed using HPLC-ICP-MS equipped with a reversed phase ODS column. Eight arsenic species, namely, arsenite [As(III)], arsenate [As(V)], monomethylarsonic acid (MMAA), dimethylarsinic acid (DMAA), trimethylarsine oxide (TMAO), tetramethylarsonium (TeMA), arsenobetaine (AsB) and arsenocholine (AsC), were separated and determined under the proposed conditions. In particular, As(III) and MMAA and DMAA and AsB were completely separated using a newly proposed eluent containing ammonium dihydrogen phosphate. Importantly, the sensitivity changes, in particular those of As(V) and As(III) caused by coexisting elements and by complex matrix composition, which had been problematical in previously reported methods, were eliminated. The new eluent can be applied to C8, C18 and C30 ODS columns with the same effectiveness and with excellent repeatability. The proposed analytical method was successfully applied to extracts of rice flour certified reference materials.
Introduction
Arsenic compounds exhibit a range of toxicities and identification of the species of arsenic present in food and environmental samples is as important as the determination of total arsenic. This is particularly so of rice, a staple of the Asian diet and consumed throughout the world.
The Codex Alimentarius Commission approved a maximum level of 0.2 mg kg -1 for inorganic arsenic (i-As) in polished rice, and, is currently considering a maximum for i-As in unpolished rice. 1, 2 Therefore, a robust, accurate, readily applied method for the speciation of arsenic in rice is required.
Various analytical techniques have been used for arsenic speciation analysis. These include ion chromatography (IC) and high performance liquid chromatography (HPLC) combined with hydride generation atomic absorption spectrometry or inductively coupled plasma mass spectrometry (ICP-MS). [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] HPLC-ICP-MS is widely applied to arsenic speciation because it provides the advantages of excellent separation and high sensitivity. Methods using reversed phase columns for HPLC and ion exchange columns for IC, coupled with ICP-MS, are widely used.
Arsenite [As(III)], arsenate [As(V)], monomethylarsonic acid (MMAA), dimethylarsinic acid (DMAA), trimethylarsine oxide (TMAO), tetramethylarsonium ion (TeMA), arsenobetaine (AsB), arsenocholine (AsC) as well as some arsenosugars can be measured using HPLC-ICP-MS and IC-ICP-MS.
Anions of these arsenic species can be separated on an IC column using a simple or single component eluent. When an IC column is employed, separations of arsenic species depend much upon the composition and pH of the eluent. The IC method is useful for the separation of As(III), As(V), MMAA and DMAA or arsenosugars, [14] [15] [16] [17] [18] [19] [20] but it is difficult to separate a large range of arsenic species, in particular organoarsenic compounds, under a single set of conditions.
On the other hand, a high resolution reversed phase column with octadecyl group packing (ODS) is well able to separate many arsenic species. Shibata et al. reported that an eluent containing 10 mmol L -1 1-butanesulfonic acid sodium salt, 4 mmol L -1 tetramethylammonium hydroxide and 4 mmol L -1 malonic acid in water/methanol (volume fraction of methanol: 0.05%) with the pH adjusted to 3.0 with HNO3, was able to separate the above eight arsenic species and four arsenosugars within 10 to 15 min. 21 The 1-butanesulfonic acid and malonic acid serve as an ion pair reagent and buffer, respectively. Following this report, ODS columns and this eluent have been used for the analysis of many samples. The method has been used for rice flour, fish and shellfish, and biological samples that contain a range of arsenic species. [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] However, the peaks for As(III) and MMAA are very close together, as are those for DMAA and AsB, and TMAO and TeMA. If many analyses are carried out on one column, some degradation of the packing might occur and these pairs of peaks would possibly not be separated. This problem would be exacerbated if column washing and conditioning between analyses was not complete.
The arsenic species in agricultural samples such as rice, cereals, soil and water are mainly As(III), As(V), MMAA and DMAA. [35] [36] [37] [38] Thus, these four species are the main analytes to be considered in the analysis of rice flour. As(III) and As(V) are often considered together as total i-As. Problems arise when repeated measurements of arsenic species in rice flour are carried out on a particular single column; a part of As(V) might not elute from the column, peak shapes can be distorted by tailing, and trace amounts of MMAA might not be detected. Analytical precision therefore becomes poor and underestimation of the concentrations of the arsenic species can result. Generally, the number of analyses for rice flour that can be carried out with a single ODS column is less than that for other matrices.
In the study reported here, arsenic speciation by HPLC-ICP-MS with a reversed phase ODS column was investigated. Optimum chromatographic conditions in terms of the composition and pH of the eluent were developed for arsenic speciation analysis of rice flour samples with minimal column degradation and increased duration of high analytical precision. The new eluent and the proposed method have been applied to the analyses of certified reference materials (CRMs).
Experimental

Instruments
An ICP-MS (7500c, Agilent, Tokyo, Japan) equipped with a micromist nebulizer (100 μL type) and a Scott spray chamber (2 C) was used. Typical operating parameters for the ICP-MS were as follows: incident rf power was 1600 W, outer Ar gas flow rate 15 L min -1 , intermediate Ar gas flow rate 0.9 L min -1 , carrier Ar gas flow rate 0.7 L min -1 and make-up Ar gas flow rate 0.4 mL min -1 . The ICP-MS was usually operated with He as the collision cell gas (3 mL min -1 ) to reduce some polyatomic molecular interferences. Arsenic species were separated by HPLC and the exit of the HPLC column was directly connected to the nebulizer of the ICP-MS with PEEK tubing. CAPCELL PAK C18 MG columns (250 mm × i.d. 4.6 mm and 150 mm × i.d. 4.6 mm, polymer-coated type, Shiseido Ltd., Tokyo, Japan), a Shim-pack VP-ODS C18 column (250 mm × i.d. 4.6 mm, endcapped type, Shimadzu Co., Ltd., Kyoto, Japan), a Shim-pack VP-C8 C8 column (250 mm × i.d. 4.6 mm, end-capped type, Shimadzu) and a DEVELOSIL C30-UG-5 C30 column (250 mm × i.d. 4.6 mm, end-capped type, Nomura Chemical Co., Ltd., Aichi, Japan) were used.
A heating block system (Digi PREP, SCP Science Inc., Quebec, Canada) was used for heat-assisted extraction.
Calibration standards and reagents
The Japan Calibration Service System (JCSS) arsenic standard solution (approximately 1000 mg L -1 ) was used as the source of the calibration standard solution (Kanto Chemical Co., Inc., Tokyo, Japan). The JCSS arsenic standard solution was made from As2O3 powder, and did not contain detectable As(V); it was thus used as the As(III) source standard solution.
The As(V) CRM (NMIJ CRM 7912-a), the dimethylarsinic acid (DMAA) CRM (NMIJ CRM 7913-a) and the arsenobetaine (AsB) CRM (NMIJ CRM 7901-a), supplied by the National Metrology Institute of Japan/National Institute of Advanced Industrial Science and Technology (NMIJ/AIST), (Tsukuba, Japan), were used as source standard solutions. The concentrations of all standard solutions are SI traceable.
Solutions of other organoarsenic species (MMAA, TMAO, TeMA, AsC) were prepared from commercially available reagent powders (Tri Chemical Laboratories Inc., Yamanashi, Japan) after purity evaluations (moisture, C, H, O, Br and Cl elemental analysis and impurity arsenic compounds) had been carried out. Each compound was dissolved in water to prepare an in-house standard solution containing approximately 1000 mg kg -1 As.
The acids and organic solvents used were of ultra-pure and/or HPLC grade (Kanto Chemical). Sodium 1-butanesulfonate (Tokyo Chemical Industry Co., Ltd., Tokyo, Japan), malonic acid (Wako Pure Chemical Industries, Ltd., Osaka, Japan), and tetramethylammonium hydroxide (TMAH, Tama Chemicals Co., Ltd., Kanagawa, Japan) were used.
Ultra-pure water purified with a Milli-Q Labo filter (Nippon Millipore Ltd., Tokyo, Japan) was used throughout.
Extraction procedure of arsenic species
Arsenic species were extracted from the rice flour samples using a heat-assisted extraction technique. A portion of a rice flour sample (approximately 0.5 g) was accurately weighed into a 10 mL glass tube and 2 g of 0.15 mol L -1 HNO3 was added. The tube was capped and placed in a dry heating block system at 100 C for 2 h. After cooling, 1 g of a 50 ng g -1 AsB standard solution and 7 g of water were added (total liquid phase: 10 g). The tube was centrifuged at 4000 rpm for 10 min and the liquid phase was then passed through a 0.45 μm syringe-type polyvinylidene difluoride (PVDF) membrane filter. The filtrate was analyzed by HPLC-ICP-MS using an external calibration method. Blank tests were performed to investigate possible arsenic contamination; none was detected.
Factors for converting between dry mass and wet mass of a CRM was used as given in the certification of the CRM.
Materials (CRMs) for analysis
NMIJ CRM 7532-a brown rice flour (NMIJ, certified value of i-As (0.298 ± 0.008) mg kg -1 as As; of DMAA (0.0186 ± 0.0008) mg kg -1 as As; in the present paper; the figure following ± indicates the expanded uncertainty with k = 2; k indicates the coverage factor), NIST SRM 1568b Rice Flour (National Institute of Standards and Technology/U.S.A, certified value of i-As (0.092 ± 0.010) mg kg -1 as As; of DMAA (0.180 ± 0.012) mg kg -1 as As; of MMAA (0.0116 ± 0.0035) mg kg -1 as As; k = 2) and ERM-BC211 Rice (Institute for Reference Materials and Measurements/Belgium, certified value of i-As (124 ± 11) μg g -1 as As; that of DMAA (119 ± 13) μg g -1 as As; each value following ± indicates the expanded uncertainty with the coverage factor k = 2) were used as rice flour samples.
Results and Discussion
Influence of the sample matrix on analysis
All columns employed were the same size (250 mm × i.d. 4.6 mm, particle size 5 μm), and they were washed and conditioned before use as follows: the sequential elutions with 100% methanol for 2 h, 50% methanol for 2 h, 10% methanol for 2 h, and a particular eluent to be employed for 3 h at a flow rate of 0.75 mL min -1 in each case. The components of eluents tested in this study are summarized in Table 1 . We used eluent 1-1 in the work previously reported. [35] [36] [37] [38] The chromatogram of arsenic species obtained from the C18 column and eluent 1-1 is shown in Fig. 1 .
When column washing and conditioning of a new column were adequate, the eight arsenic species were completely separated. However, when samples in a matrix containing protein and sugar were analyzed, peak tailing and broadening were observed and signal intensities were decreased. Therefore, to quantify this deterioration, the resolutions of the chromatographic peaks of the arsenic species were investigated after the column had been used for the analysis of some samples with such complex matrices. Not all eight arsenic species are present in rice flour, and the arsenic species that are contained are present in different concentrations. The standard solution containing the eight arsenic species was analyzed first; an extract of rice flour made with 0.005 mol L -1 HNO3 (i.e. a complex matrix sample) was then analyzed 30 times. The standard solution was then re-analyzed. The resolution of each arsenic peak in the standard solution was measured before and after the multiple rice flour samples (Table 2) . 37 Initially, all eight arsenic species were separated, but the peak position of As(III) was close to that of MMAA, and that of TMAO was close to that of TeMA. The smallest resolution value was 1.586 between TMAO and TeMA. Since the criteria of resolution for satisfactory separation is generally 1.5, the resolution of the entire chromatogram was good enough. 37 However, when the standard solution was re-analyzed after the analysis of rice flour samples, the resolutions between the peaks of As(III) and MMAA, TMAO and TeMA, and TeMA and AsC were 0.912, 1.456 and 1.210, respectively, all being less than 1.5. The retention times of the species did not change, but broadened half-widths and tailing caused the observed lower resolutions. In particular, the resolution between As(III) and MMAA was poor.
Therefore, if the As(III) concentration in an actual sample is much higher than that of MMAA, they are difficult to separate; the MMAA peak can be masked by the tailing peak of As(III), and it can then become impossible to be detected. In addition, the signal intensity of As(V) tended to be lower. Possibly, matrix components such as metals and/or organic substances become retained on the HPLC system, and interactions between these materials and As(V) resulted in a part of the inorganic arsenic not being eluted.
Composition of the eluent
Effect of pH. The pH of the eluent is an important factor controlling the separation and retention time of the arsenic species on the ODS column. When components of eluent 1-1 and ODS MG C18 column were used, at pH 3.5 the As(III) peak was closer to that of MMAA than at pH 3.0, and at approximately pH 4 the As(III) peak overlapped with that of MMAA. At much higher pH values, the elution order of the arsenic species was changed.
The effect of the pH of the eluent 1-1 on retention times was further investigated with nitric acid being used to adjust the pH. For the pH range 2.0 to 3.0, the retention times of the arsenic species were examined using a C18 column, and the results are shown in Fig. 2 .
The retention times of As(III) and As(V) depended little on pH, but the effect on AsB was greater. In addition, the retention times of MMAA and DMAA became slightly shorter with increasing pH. With decreasing pH, the retention times of TMAO, TeMA and AsC were longer, and the resolution between TMAO and TeMA was poorer. As mentioned above, only As(III), As(V) MMAA and DMAA are found in rice flour. AsB is not present in it; however, the retention time of AsB is moderately close to those of the analyte species. Accordingly, AsB is the most useful species to be used as an internal standard for accurate analysis of the analytes. 38, 39 However, if the separation of AsB and DMAA is poor, the analytical precision for DMAA becomes low and some correction related to the behavior of the internal standard may be necessary. For the analysis of rice flour samples on the ODS column, conditions under which five species, namely, As(V), As(III), MMAA, DMAA and AsB, are completely separated are necessary. The retention time of AsB is longer at pH <2.5, and the analysis time becomes inconveniently protracted. Therefore, for subsequent work in this study an optimum pH of 2.7 was selected. Effect of buffer/chelating solution. When complex matrix samples are analyzed, the peaks of As(III) and As(V) can tail, and those contents can be underestimated. To eliminate such tailing, tartaric acid, 40 diammonium citrate, and citric acid have been used as buffers or chelating agents. 41 We previously found that using phosphoric acid as the solvent to extract arsenic species from rice flour led to sharp peaks in the chromatograms, although only 97% of the total arsenic present was extracted. 42 A phosphate buffer has often been used as an eluent for arsenic speciation by anion exchange chromatography. Phosphate is likely to be an appropriate buffer for use in the current study because its acid dissociation constant is close to that of As(V).
Consequently, 5 mmol L -1 of phosphoric acid was added to a standard solution, and the pH of the standard solution was adjusted to pH 3 with NH3OH. No tailing of As(III) and As(V) peaks was observed when standard solution and extract were analyzed by HPLC-ICP-MS using eluent 1-1.
When 5 mmol L -1 of ammonium dihydrogen phosphate was added to the eluent (eluent 2-1), tailing of As(III) and As(V) was eliminated. Also tested were 5 mmol L -1 of ammonium oxalate (eluent 3) and 5 mmol L -1 of ammonium formate (eluent 4).
The retention times of the arsenic species depended only on pH and were independent of presence or absence of buffer solution. Ammonium dihydrogen phosphate was the most useful as a buffer to improve chromatograms of As(III) and As(V). Acetonitrile is known to be an effective solvent to keep a function of an ODS column; therefore, acetonitrile instead of methanol was tested. Peak shapes were greatly improved (Fig. 3) .
Ammonium dihydrogen phosphate was the most effective buffer solution for the analysis of five arsenic species. The effect of the concentration of the ammonium dihydrogen phosphate was investigated by varying it in the range 1 to 10 mmol L -1 (eluent 2-4). The retention time of AsB increased slightly with increasing concentrations of ammonium dihydrogen phosphate, but the peak areas of each species were not changed; only the peak shapes were altered. Therefore, 5 mmol L -1 ammonium dihydrogen phosphate was used in all subsequent work. Effect of organic solvent. The separation of hydrophobic species in HPLC is influenced by the presence of organic solvents such as methanol and acetonitrile in the eluent. In addition, the concentration of the organic solvent has an impact on the stability of plasma during ICP-MS analysis. The effects of the concentrations of methanol and acetonitrile were investigated using eluents 1-2, 1-3, 2-2 and 2-3. The retention times of the i-As species were not changed by increasing the concentration of organic solvents. In contrast, the retention times of organoarsenic species decreased with increasing concentrations of organic solvent because of hydrophobic interactions. Chromatograms did not depend on which organic solvent was used, only on its concentration (for organoarsenic species), but peak shapes were sharper for eluents that contained ammonium dihydrogen phosphate.
The same concentrations of methanol and of acetonitrile resulted in the similar retention times for the arsenic species. However, signal areas in HPLC-ICP-MS analysis for 0.05% acetonitrile were approximately 15% higher than those for 0.05% methanol.
The effect had no relation to the chromatography itself; the increase in sensitivity of arsenic was due to the carbon effect in the plasma. 43 Acetonitrile contains approximately 1.56 times as much carbon as does methanol for the same volume. Signal sensitivities with the use of methanol or acetonitrile increased with increasing concentrations of organic solvent. However, much carbon can deposit on the cones of the ICP-MS when organic solvents are used for multiple measurements over an extended period, and this causes a tendency for the baselines of chromatograms to rise. When the stability of chromatograms and the signal sensitivity were taken into account, acetonitrile at 0.05% was considered optimum. Effect of carbon chain length in the ODS column packing. The characteristics of the column play an important role in separating the arsenic species. As such, C8, C18 and C30 columns were investigated using eluent 2-5; retention times and peak resolutions for the standard solution containing eight arsenic species are given in Table 3 . Retention times of each species varied slightly with column types, and resolutions of five species [As(V) to AsB] were greater than 1.5.
Two MG type columns of 250 mm long and 150 mm long were compared at flow rates of 0.75 and 0.50 mL min -1 , respectively. The performances of the two columns hardly differed. The shorter column with a flow rate of 0.50 mL min -1 consumed approximately 33% less eluent than the longer column at the faster flow rate.
Analysis of As(III) and As(V)
Eluent 2-5 was provisionally selected as the optimum eluent, but it was necessary to exclude the possibility that As(III) and As(V) were chemically modified, i.e. As(III) oxidized or As(V) reduced, in this solution.
For application to the chromatographic column, the sample solution is injected into a sample loop using an autosampler or syringe, and the proportions of As(III) and As(V) can possibly change as the analysis proceeds and the number of repeated measurements increases.
To investigate this possibility, a solution containing 10 ng g -1 of arsenic as As(III) and 10 ng g -1 of arsenic as As(V) was placed into a single glass vial and measured 20 times from the one vial with an autosampler. The proportions of As(III) and As(V) were measured; the results are shown in Fig. 4 . Portions of the same solution were also transferred to 20 separate glass vials, and each vial was analyzed once with the auto-sampler.
For both sets of analyses the total time taken was approximately 120 min (6 min/sample). For single analyses from each of 20 vials, the proportions of As(III) and As(V) did not change. In contrast, when repeated measurements were carried out from one vial, the proportion of As(V) tended to increase with an increasing number of analyses. Possibly, repeated contact with the metal needle of the sampling device facilitated oxidation of a small amount of As(III) to As(V). Therefore, when repeated measurements were carried out, independent portions of a sample solution were placed into individual glass vials: each vial was used for a single measurement.
Analysis of rice flour samples
The proposed eluent (eluent 2-5) and the longer MG C18 column were used to analyze rice flour CRMs and the results were in good agreement with the certified values, which are shown in Table 4 . NIST SRM 1568b is certified for MMAA and the analyzed result for DMAA was in good agreement with its certified value. ERM-BC211 is not certified for MMAA, but a small amount of MMAA was detected and a high precision analysis was possible. In addition, the sum of i-As, MMAA and DMAA in the extract of ERM-BC211 was in good agreement with the certified value for total arsenic [(260±13) μg kg -1 ].
Conclusions
A method for arsenic speciation analysis using HPLC-ICP-MS equipped with an ODS column was developed. The composition of the eluent was optimized and it was possible to completely separate five arsenic species, namely, As(III), As(V), MMAA, DMAA and AsB. The technique was applied to rice flour CRMs. Accurate arsenic speciation analysis requires some experience and skill. However, in the present study and in our previous publications on pretreatment and analysis we have reported an entirely robust and readily applicable method for the determination of arsenic species in rice flour. N.D: Not detected quantity < 0.01 ng g -1 , Result: Mean ± SD (n = 6), value following ± in certified value: expanded uncertainty with coverage factor 2, a. the sum of As from i-As, MMAA and DMAA, b. certified value of the total arsenic concentration.
